BIOCHEMlCAL SOCIETY TRANSACTIONS activities and by electron microscopy. The higher-density fractions (1.2-1.5~-sucrose) contained actomyosin fibrils, mitochondria and sacroplasmic reticulum, and were enriched in cytochrome oxidase and Caz+-dependent adenosine triphosphatase. The endoplasmic-reticulum marker, NADPH-cytochtome c reductase, was found throughout the gradient. Lower-density fractions (0.75-1 .OM sucrose) were enriched in plasma-membrane markers, acetylcholinesterase and ouabain-sensitive p-nitrophenyl phosphatase, and in y-aminobutyrate uptake; numerous vesicles were also evident. Muscimol-sensitive y-aminobutyrate binding and a-dihydropicrotoxinin binding were both found in membrane fragments appearing in fractions slightly below (0.9-1 .I M) those showing y-aminobutyrate uptake. Fractions could be obtained which exhibited y-aminobutyrate uptake only, with no muscimol inhibition, or which exhibited binding alone, with 100% inhibition by 10,m-muscimol (Meiners et al., 1977) . This supports the suggestion made above that the muscimol-sensitive sites are not related t o the y-aminobutyrate-uptake process. For reasons mentioned above, these sites have properties more consistent with receptor sites.
understood. The complete description of this process involved demonstration of the effect of removal of extracellular Ca2+ and intracellular injection of Ca2+ on contraction, the morphological and biochemical definition of a subcellular compartment capable of storing and releasing Ca2+, characterization of the effect of Ca2+ on the isolated contractile apparatus and finally the direct demonstration that a physiological stimulus increased the intracellular concentration of free CaZ+ before an increase in tension [for historical review see Ashley (1971)l. The idea that Ca2+ might mediate the effect of agonists on tissues other than muscle has also been considered for many years, including the possibility that it may act as a hormone second messenger (see Hanstrom, 1939; Rasmussen et al., 1972; Douglas, 1974; Kissebah et al., 1975a; Berridge, 1976) . It should be noted that there may be important differences between electrically excitable cells and other cells which do not have voltage-dependent ion channels. We shall consider critically to what extent the experimental approaches defining the role of Ca2+ in muscle contraction have been successfully applied to studies of Ca2+ as a mediator of the effects of hormones on two apparently non-electrically excitable tissues, adipose tissue and liver. It will be seen that both our own and other data are often fragmentary and difficult to interpret. We shall therefore conclude by describing our attempts to produce more definitive methodology.
(a) Requirement for extracellular Ca2+
In adipose tissue increase of cyclic AMP content and stimulation of lipolysis by corticotropin (ACTH) (Kuo, 1970; Katocs et al., 1974) requires the presence of extracellular Ca2+. Submaximal concentrations of catecholamines may also show dependence on extracellular Caz+ to stimulate the same effects (Schimmel, 1973, I976) , but this observation has not been reproducible in our hands. Indeed incubation with EGTA in the presence of Mg2+ caused an increase in the cyclic AMP response to adrenaline (Siddle & Hales, 1977) . Caz+ is not required for stimulation of lipolysis by maximal adrenaline, theophylline or dibutyryl cyclic AMP (Schimmel, 1973) .
Insulin stimulation of glucose uptake in adipose tissue has been reported to be either unaffected (Letarte & Renold, 1969) or inhibited (Krahl, 1966) by omission of extracellular Ca2+ and Mgz+. Ca2+ and Mgz+ are required for insulin stimulation of radioactive amino acid incorporation into protein (Jacobs & Krahl, 1973) . We found that the anti-lipolytic effect of low concentrations of insulin was slightly enhanced in Ca2+-free medium containing Mg2+ and EGTA, and that the reversal of the anti-lipolytic effect at high insulin concentrations (Hales et al., 1968) was much less in the absence of Ca2+.
Extracellular Caz+ is required for catecholamine-and insulin-induced increases in cyclic GMP in adipose tissue and liver Pointer et al., 1976) . However, neither ourselves nor Pilkis et al. (1975) found an effect of EGTA on the cyclic AMP increase produced by glucagon in isolated liver cells, although others have observed either an increase (Rosselin rt al., 1974) or a decrease (Pointer et al., 1976) in the presence of chelating agents.
The effects of Caz+ omission and addition of EGTA on gluconeogenesis from lactate in isolated liver cells have been variably reported, ranging from slight inhibition of basal (Zahlten et al., 1974) or glucagon stimulation (Pointer et al., 1976) to complete inhibition of the process and of stimulation by hormones (Tolbert & Fain 1974 Siddle, unpublished work) . An observation of considerable importance was the dependence on extracellular CaZ+ of activation of phosphorylase and glycogenolysis in liver by the cyclic AMP-independent agents vasopressin and phenylephrine (Keppens et a[., 1977; Stubbs et al., 1976) .
Although it appears that a number of hormonal effects are modified by the removal of extracellular Ca2+, in many cases the possibility that this may be due to indirect effects, for example on ATP content, has not been ruled out. A further problem arises, VOl. 5 because of the difficulty in precisely defining the concentration of free extracellular Ca2+ in these experiments, owing to contamination from reagents and glassware, which in the absence of chelators may be as high as 2 0 0 ,~~ (Schimmel, 1973) . The possibility that chelating agents may penetrate cells and alter CaZ+ distribution within cells has rarely been studied.
(6) Manipulation of intracellular Caz+ distribution
Micro-injection of Ca2+ into adipose tissue or liver cells has not yet been reported. Efforts to alter Ca2+ distribution within these tissues have involved the use of chelators to produce long-term depletion of tissue Ca2+ stores, and the useofcompounds toincrease or decrease membrane permeability to Caz+. Efendic et al. (1970) found that long-term incubation of human adipose tissue with EGTA caused an inhibition of lipolysis subsequently stimulated by theophylline, dibutyryl cyclic AMP and maximal noradrenaline concentrations, an effect that could be reversed by adding back Ca2+. We have made similar observations with rat fat-cells, but believe that interpretation of the data may be complicated by damage to cells in the presence of EGTA (Siddle & Hales, 1977) .
Bivalent-cation ionophores, such as compound A23 187 (Reed & Lardy, 1972) , potentially offer one of the most specific ways of increasing intracellular Caz+ concentration, but the effects obtained are dependent on the conditions of addition to the cells and the time of incubation (Campbell & Siddle, 1976) . It is possible that ionophores may act on membranes within the cell. Moreover, ionophore A23187 is not specific for Ca2+ and can lead to changes in cell Mgz+ content and lowering of cell ATP content (Campbell & Siddle, 1976) . Ionophore A23187 had no acute effect on adrenalinestimulated lipolysis or cyclic AMP increase in rat isolated fat-cells, but after a 2h preincubation stimulation of lipolysis was decreased by 60% (Siddle & Hales, 1977) . The ionophore was shown to cause an increase in total and mitochondria1 Ca2+ in fatcells, but in spite of this had no effect on the Caz+-sensitive enzyme complex, pyruvate dehydrogenase, in the basal or insulin-stimulated state (Severson et al., 1974 (Severson et al., , 1976 Denton et al., 1975) . In isolated liver cells ionophore A23187 has been shown to inhibit gluconeogenesis (Zahlten et al., 1973; Fain et al., 1975) , to stimulate glycogenolysis (Keppens et a/., Pointer ef al., 1976) and to increase cyclic GMPconcentrations (Pointer e f al., 1976) .
Local anaesthetics, which are thought to interfere with Ca2+ movement across cell membranes, are potent anti-lipolytic agents in fat-cells, but increase the adrenalineinduced rise in cyclic AMPconcentration (Siddle & Hales, 1974) . Thesecompounds were equally effective at inhibiting the lipolytic effects of theophylline and dibutyryl cyclic AMP. Procaine has also been reported to decrease the activation of cyclic AMP-dependent protein kinase by adrenaline (Kissebah et al., 1974b) , and to increase glucose uptake and incorporation into glycogen and fatty acids, and augment the effect of insulin on these processes (Hope-Gill e t a / . , 1974, 1976) . In the perfused liver, tetracaine has been shown to inhibit glucagon-stimulated gluconeogenesis and Caz+ efflux without altering the rise in cyclic AMP concentration and without affecting the basal rate of gluconeogenesis (Friedmann & Rasmussen, 1970) . However, in isolated liver cells tetracaine inhibited both basal and hormone-stimulated gluconeogenesis (Fain et al., 1975) . The cations Ni2+ and La3+ have been shown to block the slow Caz+ channel inelectricallyexcitable cells (Baker, 1972) and may also affect CaZ+ movement in other cells and organelles. These ions alter or mimic hormonal responses of adipose tissue and liver, but in other situations may either antagonize or mimic Ca2+ action, or have independent effects, so that interpretation of these experiments is difficult (Clarke et al., 1974; Severson et al. 1974; Saggerson et al., 1976) .
(c) Efects of Ca2+ on enzymes subject to hormonal control Effects of physiological concentrations of Caz+ on a number of liver and adiposetissue enzymes have been reported. The Caz+ requirement of muscle phosphorylase kinase is well recognized (Cohen, 1974) . The enzyme has also been reported to be 569th MEETING, SUSSEX activated by CaZ+ in the ,UM concentration range in liver (Khoo & Steinberg, 1975; Shimazu & Amakawa, 1975) , but the properties of the enzyme in adipose tissue are not yet clear (Khoo et al., 1973; Khoo, 1976; Khoo & Steinberg, 1975) . The ability of PM concentrations of Ca2+ to activate adipose-tissue glycogen synthase (Hope-Gill, 1976) and to inhibit triglyceride lipase (Kissebah et al., 1974~) has been reported. Adiposetissue pyruvate dehydrogenase phosphatase, a mitochondrial enzyme, has been shown to require Ca2+ at 0.1-10pM (Denton et al., 1972; Severson et al., 1974) . This suggested that changes in mitochondrial Ca2+ may mediate the ability of insulin to activate pyruvate dehydrogenase (Martin et al., 1972; Severson et al., 1974; Denton et al., 1979, but the expected mitochondrial Ca2+ concentration ( i l O p~) and failure to show correlation of pyruvate dehydrogenase activity with changes in mitochondrial Ca2+ content, except possibly in the case of adrenaline inhibition, have argued against this conclusion (Severson et at., 1976) . It has been suggested that Ca2+ may regulate glucose transport in adipose tissue and muscle (Clausen et al., 1974 . Adrenaline and insulin stimulate glucose uptake in adipose tissue, yet have opposing effects on lipolysis. Therefore if Ca2+ mediates the effects of both hormones on glucose transport, it is unlikely to be a specific second messenger for insulin as has been proposed (Kissebah et al., 1975~) .
Effects of Ca2+ on adenylate cyclase and guanylate cyclase in broken cells have been reported, but most studies have used high concentrations of free Ca2+ well outside the expected intracellular range. Using the ionophore A23187 we have shown inhibition of adenylate cyclase in intact pigeon erythrocytes by concentrations of Caz+ in the range 1 -3 0~~ (Campbell & Siddle, 1976 Although there are other reports of effects of Ca2+ on regulatory enzymes from adipose tissue and liver, the physiological significance of these effects is uncertain, owing to the high concentrations of Caz+ used.
( d ) Changes in Caz+flux and concentration of intact cells and subcellular fractions
It is generally believed that cytosol Caz+ concentrations of most tissues lie in the range 0 . 1 -1 0~~. Measurement of total tissue Caz+ concentration yields values of the order of 1 m. It would seem therefore that large amounts of CaZ+ must be bound or contained in intracellular structures.
Studies of 45Ca2+ uptake and release in adipose tissue have shown that only a small proportion (1&30%) of the total cell Caz+ is exchangeable with extracellular 45Ca after a 2h incubation (Kissebah et al., 19756; Martin etal., 1975) . Adrenaline stimulated 45Ca2+ uptake, this effect being decreased by insulin (Hope-Gill et al., 1975) . Release of 45Ca2+ by isolated fat-cells suggests kinetically distinct pools. Adrenaline increased efflux, this effect being decreased by insulin (Kissebah et al., 19756) . Kissebah et al. (1975b) found that insulin caused an initial transient increase in Ca2+ efflux followed by a more sustained decrease in efflux, whereas Clausen et al. (1974) observed only an increase in the rate of efflux. Nevertheless, both groups of workers interpreted their data as indicating that insulin raised the cytosol Caz+ concentration. In the absence of measurements of specific radioactivities, such conclusions can only be speculative.
The complete description of effects of hormones on intracellular Ca2+ flux requires an understanding of their effects on subcellular Caz+ distribution. Such studies are made difficult by the possible redistribution of Caz+ during disruption of cells, and by uncertainties as to the correct environment in which to incubate subcellular fractions when investigating Ca2+ binding and transport. Both the morphology and Ca2+ uptake of isolated mitochondria are affected by the medium in which they are prepared (Harris et Hamilton & Holdsworth, 1975) . Thus although many investigators have found that under certain conditions mitochondria may accumulate large amounts of Ca2+, it remains to be shown that this is an important regulatory function of mitochondria in the cell.
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The effects of hormones on Caz+ binding by subcellular fractions of fat-cells have been investigated (McDonald rt al., 1976a,b,c,d) . Insulin treatment of fat-cells before homogenization increased microsomal and decreased mitochondria1 Ca2+ content, and stimulated microsomal 45Ca2+ uptake. Insulin also increased the binding capacity of two classes of Caz+-binding site on the plasma membrane. A Ca2+-uptake system with a low K,,, for Caz+ has also been reported in a smooth microsomal fraction prepared from rat liver (Moore et al., 1975) , but hormonal effects on this system have not yet been described.
The localization and measurement of CaZ+ in subcellular fractions has been attempted by histological techniques in combination with X-ray micro-probe analysis.
Although the ideal approach would be to make direct observations on untreated frozen sections, technical difficulties have so far prevented realization of this aim. Redistribution of ions may occur during cutting and transfer of sections and during irradiation by the electron beam (Hodson & Marshall, 1970 . Until preservation of the normal intracellular/extracellular Na+/K+ gradient is shown under these conditions, there seems little point in measuring other ions whose distribution is much less certain. By using fixation, precipitation and electron-probe analysis, deposits of precipitated Caz+ have been found in the smooth endoplasmic-reticular system of fat-cells, and we have suggested that this structure may have a function analogous to that of the sarcoplasmic reticulum in muscle . A yet more difficult technical problem is posed by the need t o measure free Ca2+ at the low concentrations likely to be present in the cytosol. Photoproteins capable of detecting Ca2+ in the range 0.01-lOp~ are known, but the problem of introducing them into intact cells has only been solved for giant cells such as the barnacle muscle and squid axon (Ashley, I971 ; Baker, 1972; Blinks el al., 1976) . Since definitive demonstration of Caz+ as a mediator of hormonal effects on cytosol processes must involve the measurement of cytosol free Ca2+, we have felt it worth while exploring new techniques t o achieve this objective. As avian erythrocytes are sensitive to catecholamines and may be converted into 'ghosts '(Campbel1 &Dormer, 1975) our initial approach has been t o attempt to seal the Caz+-sensitive photoprotein obelin (Campbell, 1974) inside resealed avian (pigeon) erythrocyte 'ghosts'. This objective has been achieved with retention of hormonal sensitivity (Campbell & Dormer, 1977; Campbell & Siddle, 1977 (Ravazzola et al., 1976) , and the characterization of the B-cell bioelectrical activity (Dean & Matthews, 1970a,b) .
On the basis of the results obtained by some of these methods, a model was designed to depict the movements of Ca2+ in the pancreatic B-cell (Malaise & Pipeleers, 1974) and their regulation by environmental factors.
The entry of Ca2+ into the B-cell across the plasma membrane represents the first of such movements. Apparently, a major fraction of this Ca2+ influx occurs through Ca2+ channels characterized by their sensitivity to organic Caz+ antagonists (Devis et al., 1975; Somerset al., 19766; Malaise et al., 19766,c, 1977a) , competition between Ca2+, Mg2+ (Malaise et al., 1976a) and Ba2+ (Somers er al., 1976c) , and inhibition by Co2+ (Henquin & Lambert, 1975) . A lesser fraction of Ca2+ entry into the B-cell may occur through a veratridine-sensitive Na+ channel (Donatsch et al., 1976) .
In artificial systems, the modulation of ionophore-mediated Ca2+ translocation displays similarities with the regulation of Ca2+ influx in the B-cell. For instance, it was observed that organic Ca2+ antagonists inhibit the ionophore A23 187-mediated translocation of Ca2+ from an aqueous Hepes [4-(2-hydroxyethyl)-l-piperazine-ethanesulphonic acid] buffer into an organic immiscible phase (Malaise, 1977) , the inhibitory action of verapamil being, as in the B-cell, competitively antagonized by Caz+. The hypoglycaemic sulphonylurea, thought to bind to the B-cell membrane (Hellman et al., 1973) , may also modify Ca2+ and/or Na+ influx by interfering with the B-cell native ionophoretic systems (Malaise et al., 19776) .
A second type of Ca2+ movement consists of the uptake by, and release from, the organelles of the vacuolar system. Methylxanthines, possibly by raising the concentration of cyclic AMP in the B-cell, are said to provoke a cytosolic accumulation of Caz+ by increasing the net releaseof CaZ+ from such a vacuolar pool (Brisson et al., 1972; Brisson & Malaise, 1973; Howell & Montague, 1975 ). An increase in the cytosolic concentration of Na+ may mimic the effect of theophylline (Lowe et al., 1976) . 
